Gene-specific activation by enhancers involves their communication with the basal RNA polymerase II transcription machinery at the core promoter. Core promoters are diverse and may contain a variety of sequence elements such as the TATA box, the Initiator (INR), and the downstream promoter element (DPE) recognized, respectively, by the TATA-binding protein (TBP) and TBP-associated factors of the TFIID complex. Core promoter elements contribute to the gene selectivity of enhancers, and INR/DPE-specific enhancers and activators have been identified. Here, we identify a TATA box-selective activating sequence upstream of the human β-actin (ACTB) gene that mediates serum response factor (SRF)-induced transcription from TATA-dependent but not INR-dependent promoters and requires the TATA-binding/bending activity of TBP, which is otherwise dispensable for transcription from a TATA-less promoter. The SRF-dependent ACTB sequence is stereospecific on TATA promoters but activates in an orientation-independent manner a composite TATA/INR-containing promoter. More generally, we show that SRF-regulated genes of the actin/cytoskeleton/contractile family tend to have a TATA box. These results suggest distinct TATA-dependent and INR-dependent mechanisms of TFIID-mediated transcription in mammalian cells that are compatible with only certain stereospecific combinations of activators, and that a TBP-TATA binding mechanism is important for SRF activation of the actin/cytoskeleton-related gene family.
Introduction
Proper development and homeostasis of eukaryotic organisms rely on the accurate spatio-temporal regulation of specific gene transcription in response to diverse physiological and environmental signals. Specific gene transcription by RNA polymerase II (RNAPII) is controlled by the combinatorial assortment of a variety of regulatory DNA sequences located at promoter-proximal and more distal (i.e., enhancer) regions. These regulatory DNA elements are bound by sequencespecific regulators (activators or repressors) that in turn recruit a variety of coregulators (coactivators or corepressors) to influence transcription initiation by the RNAPII basal transcription machinery at the core promoter. Hence, the core promoter and the basal transcription machinery are the ultimate targets of signal-dependent regulator/coregulator complexes [1, 2] .
The core promoter is the minimal DNA sequence surrounding the transcription start site (TSS) that is sufficient to direct a low (i.e., basal) level of accurate transcription initiation by the basal RNAPII transcription machinery [1] . The canonical basal transcription machinery for RNAPII is composed of six basal (or "general") transcription initiation factors: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH, which interact with core promoter DNA and RNAPII to form the preinitiation complex (PIC). Core promoters are structurally diverse and may contain a number of DNA sequence elements that are bound by the basal transcription factors, and primarily by TFIID and TFIIB, during the assembly of the canonical PIC. Core promoter elements determine both the position of the TSS and the basal activity of the core promoter [1, 3, 4] . Core promoter elements have been most extensively characterized in metazoans and include the TATA box, the Initiator (INR), the TFIIB recognition element (BRE) "upstream" and "downstream" (BREu and BREd), the DPE, the MTE, the DCE, the TCT, and others [4] [5] [6] . Except for the TATA box and INRlike sequences, similar elements have not been found in yeast promoters [7] . In metazoans, the TATA box is located at −30 bp upstream of the TSS [8] and is bound by the TATA-binding protein (TBP) subunit of the TFIID complex. TFIID is composed of TBP and up to fourteen TBP-associated factors (TAFs) that form stable complexes in metazoans [9] [10] [11] ; in contrast, TBP in yeast can be recruited to certain promoters independently of TAFs [12, 13] . TBP binding to the TATA box is the first step in core promoter recognition and leads to a sharp DNA bend that is important for TFIIB recruitment and, hence, for the assembly and stability of the PIC [1, 3, 9, 14] . The BRE elements that flank the TATA box in certain promoters are recognized by TFIIB; this further stabilizes the bent TBP-DNA complex via both TFIIB-TBP and TFIIB-DNA interactions [14, 15] . The INR is located at the TSS (+1) and defines the transcription initiation site independently of, or in synergy with, the TATA box [4] . In contrast, the DCE, MTE and DPE elements are located downstream of the TSS and increase the overall activity of the promoter in synergy with either the TATA box or the INR element [5] . The INR and these downstream core promoter elements are all recognized by different TAFs of the TFIID complex: the INR is bound by TAF1 and TAF2; the DCE is recognized by TAF1; and the MTE and DPE were shown to crosslink to TAF6 and TAF9 [4] [5] [6] . Importantly, these elements are not present in all core promoters, and core promoters can be classified according the presence or the absence of these elements (e.g., TATA, TATA/INR, INR, INR/DPE). For instance, the large group of housekeeping gene promoters that are often located within CpG islands do not have recognizable core promoter elements and direct transcription initiation from multiple dispersed TSSs [6] . The TCT element is found at the TSS of a select group of TATA-less genes such as the ribosomal protein genes, and is recognized by the gene-specific TBP-related factor 2 (TRF2) rather than by the canonical TBP/TFIID [16] . TRF2 also binds and stimulates certain DPE-dependent promoters in Drosophila [17] . Often, the members of the metazoanspecific family of TBP-related factors (TRFs) control core promoters of highly-specialized developmental and/or cell type-specific genes that do not depend on the TBP/TFIID basal transcription factor [18] [19] [20] . For the vast majority of canonical TBP/TFIID-dependent genes, the core promoter sequence also influences the mechanisms of transcription initiation by RNAPII. This was indicated, for instance, by (i) the differential requirements and functions of TBP and TAFs at TATA-dependent and TATA-less promoters [12, 13, [21] [22] [23] [24] [25] [26] [27] ; and (ii) the requirement of accessory core promoter-specific cofactors for the TAF-dependent basal activity of mammalian INR-dependent and DPE-dependent core promoters [28] [29] [30] and for the TFIID-dependent synergy of TATA and INR elements [28, 29] . Hence, there is no universal mechanism (or general machinery) for specific core promoter recognition and transcription initiation by eukaryotic RNAPII, and this is also true for the canonical TFIID-dependent basal machinery in metazoans, which often relies on auxiliary core promoter-specific cofactors [31] .
Besides influencing the basal transcription initiation process and the overall transcription output, increasing evidence also indicates an important regulatory role of the core promoter in the preferential response of specific genes to the regulatory signals of certain activators and enhancers [4, 32] . Many Drosophila enhancers were shown recently to preferentially activate a TCT/TRF2-dependent promoter rather than a TFIID-dependent core promoter [33] . However, enhancers and activators can also differentially stimulate canonical TFIID-dependent transcription in a core promoter-dependent manner. Early observations showed that different TATA box sequences have different abilities to convey the activating signals of certain enhancers and activators in mammalian cells [34, 35] and in yeast [36] [37] [38] . The activation domains of VP16 and SP1 fused to the yeast GAL4 DNA-binding domain were also reported to have different core promoter preferences in mammalian cells, although no strict core promoter selectivity was observed since both VP16 and SP1 could significantly activate all core promoter types tested [39] . In contrast, the upstream Dʹ/Elf-1 sequence element of the mouse TdT gene promoter (a TATA-less, INR-containing promoter) was shown to activate selectively INR-containing core promoters (with or without a TATA box) but not a TATA-only core promoter [40, 41] . In Drosophila, the promoter preference of certain enhancers has also long been known [42] [43] [44] . Promoter competition experiments demonstrated that the Drosophila AE1 and IAB5 enhancers preferentially activated transcription from the TATA-containing even-skipped core promoter relative to the TATA-less white core promoter. However, there was no strict core promoter selectivity since in the absence of a competing TATA-containing promoter both enhancers could activate the TATAless white promoter [45] . An enhancer-trapping screen in Drosophila identified three enhancers that selectively activated an INR/DPE core promoter and one enhancer that preferentially activated a TATA/INR core promoter [46] . However, whether the core promoter preference of the TATA/INR-specific enhancer was solely due to the intrinsic function of the TATA box (rather than the INR or the combined/cooperative activities of TATA and INR elements) remained unclear. More recently, investigation of TATA-less DPE-dependent promoters of Drosophila developmental genes identified the enhancer factors Caudal, Relish and Dorsal as activators that preferentially stimulate transcription through the DPE [47] [48] [49] . Although each of these activators could also weakly stimulate transcription from a TATA-dependent promoter (TATA/INR), Caudal could not activate a TATA promoter containing an upstream BRE (BREu), indicating that core promoter context and cognate basal transcription mechanisms are important for the extent and selectivity of activation by a specific activator [32, 47] . Natural TATA-selective activating DNA sequences and cognate TATA-specific activators that do not act through an INR-directed mechanism remained to be identified and characterized.
Here, we found that the natural serum-responsive upstream activating sequence (UAS) of the human β-actin gene (ACTB) selectively activates TATA box-dependent but not INR-dependent transcription via a mechanism that involves the serum response factor (SRF) activator and the TATA-binding/bending activity of TBP in live human cells. In contrast, the TATA-binding/bending activity of TBP is not essential for TFIID-dependent transcription of the endogenous TATA-less CDKN1A gene. We further show that activation by the ACTB UAS is unidirectional on TATA but bi-directional on TATA/INR core promoters, revealing a stereospecific INR dependency for activation by a natural SRF-responsive UAS. Consistent with these results, computational analyses further indicate that SRF-regulated promoters of the actin cytoskeleton and contractile gene family often contain a TATA box. Our results underscore the regulatory role of the core promoter and support the idea that specific core promoter elements facilitate the coordinated regulation of specific families of genes with related biological functions, and demonstrate the existence of distinct TBP/TFIID-mediated mechanisms of transcription initiation at TATA-dependent and TATA-independent promoters in mammalian cells.
Materials and methods

Plasmid DNAs
The ACTB promoter-luciferase construct was previously described [29] . The ACTB[+ INR] luciferase construct was constructed using the QC-PCR kit (Stratagene) to mutate the transcription start site (TSS) region of ACTB construct into a consensus mouse TdT initiator using primer: 5′-GGCGGCGCGACGCGCCctcattctCGAGACCGCGTCCGCC CC-3′(mutated sequence in bold) according to manufacturer's instructions. The HSV TK luciferase construct was described previously [50] . The HSV TK[+ INR] was constructed, using the QC-PCR kit (Stratagene) as above, to mutate the TSS region of HSV TK into a consensus mouse TdT Initiator with the primer: 5′-GTGACGCGTGTGGCCT CCctcattctGCGACCCTGCAGCGACC-3′. The G5-TATA, G5-TATA/INR and G5-INR luciferase constructs were generated by inserting a HindIII DNA fragment containing the five Gal4-binding sites and the core promoter from pG5TdT(-41TATA/+33), pG5TdT(-41TATA/Inr + 33) and pG5TdT(-41Inr/+33) [28] into the HindIII site of pGL3-basic luciferase expression vector (Promega). The mammalian expression vectors for Gal4(1-147), Gal4-SP1(132-243), Gal4-CTF1(399-499) and Gal4-VP16(411-490) were provided by Dr. Nicolas Mermod [51] . The upstream activating sequence of human ACTB promoter (− 120 to − 40 bp), UAS ACTB , was amplified by PCR (primers: 5′- . The CDKN1A-Luciferase reporter was the p21P plasmid described previously [52] . All constructs were confirmed by DNA sequencing.
Cell culture, transient transfection, luciferase assay, and RNAi
HEK293 cells, HeLa S3 cells, and the derivative HeLa S3 + T210K cell line described previously [22] were cultured in Dulbecco's modified Eagles medium supplied with 10% fetal bovine serum and 5% CO 2 at 37°C. Transient transfections of HEK293 cells and HeLa S3 cells were performed with Lipofectamine 2000 (Invitrogen), and luciferase assays were performed as described previously [53] . Cells in a 6-well plate were transfected with luciferase reporter plasmids (0.8 μg to 2 μg) and 0.2 μg of pCMV-β-Galactosidase internal control plasmid. Luciferase assays were performed 20 to 48 h after transfection. Luciferase activities were analyzed in triplicates from three or more independent transfections and were normalized to β-Gal activity and to the luciferase activity of cells transfected with the promoter-less pGL3-basic vector (arbitrarily set to 1.0). Control siRNAs were purchased from Ambion (AM4635#1 or AM4637#2). SRF and NFYB siRNAs were previously described: siSRF797 [54] and siNF-YB2 in [55] , respectively. The siRNA sequences for siNFYA were 5′-CGUCUAUCAACCAGUUAAUdTdT-3′ and 5′-AUUAACUGGUUGAUAGACGdTdT-3′ for sense and anti-sense strands. The sequences of TBP 3′-UTR siRNA were 5′-GUGACUGUGAGUUGCU CAUdTdT-3′ and 5′-AUGAGCAACUCACAGUCACdTdT-3′ for sense and anti-sense strand. All siRNAs were synthesized by Ambion, except the SP1 siRNA, which was from Cell Signaling (Cat#12104). For TBP knockdown, cells were seeded over night to reach 70% confluency at the time of transfection. 200 nM TBP siRNA was transfected into Hela S3 or Hela S3 + T210K cells at time 0 h. Twelve hours later, 200 nM TBP siRNA was transfected again together with the indicated luciferase constructs. Twenty hours after the second transfection the cells were harvested and half of the cells were used for luciferase assay and the other half for Western blot. Alternatively, to analyze expression of specific endogenous genes, total cellular protein and RNA were isolated from cells transfected with control or TBP siRNAs and analyzed by Western blot and RT-qPCR (see below). For the knockdown of all other factors, 200 nM siRNA was transfected only once into HEK293 cells together with 0.8 μg of ACTB-Luc. Forty-eight hours after transfection, half of the cells were used for luciferase assay and the other half for Western blot. Luciferase activities in Fig. 6 were normalized to total cellular protein.
Antibodies and Western blots
The antibodies SRF(sc-335), NFYB(sc-13045×), NFYA(sc-10779×), SP1(sc-59×), CRSP70(sc-48776) and TAF9/TAF II 31(sc-1248) were purchased from Santa Cruz Biotechnology. Vinculin (V4505) monoclonal antibody was purchased from Sigma. Rabbit polyclonal antibodies against TBP, TAF4/TAF II 135 and TAF5/TAF II 100 were gifts from Robert G. Roeder. Western blots were performed essentially as previously described [53] .
In vitro transcription and primer extension
Transcription reactions with HeLa nuclear extracts and primer extension were described previously [28] . The extension primer for luciferase transcripts was described previously [29] . Total RNA was purified from HEK293 cells using Qiagen RNeasy kit (Cat# 74104). 10 μg of total cellular RNA was used in primer extension analyses as previously described [29] . The X-ray films were scanned with HP Precisionscan Pro 3.1 scanner and signals were quantitated with NIH ImageJ.
Reverse transcription and real-time quantitative PCR (RT-qPCR)
Total cell RNA from three biological replicates was purified as above. Reverse transcription and real time PCR were performed with the BioRad iScript™ Reverse Transcription Supermix (#170-8840) and iQ™ SYBR® Green Supermix (#170-8882) per manufacturer's instructions. Real time PCR was performed in triplicates on a BioRad MiniOpticon system. PCR primers (forward and reverse) were ACTB mRNA: 5′-TGACGGGGTCACCCACACTGTGCCCA-3′ and 5′-CTAGAAGC ATTTGCGGTGGACGATGGAGGG-3′; ACTB pre-mRNA: 5′-GGCACCAC ACCTTCTACAATG-3′ (exon) and 5′-CCACCAGAAGAGGTAGCGGG-3′ (intron); MYC mRNA: 5′-CGACGCGGGGAGGCTATTCTGC-3′ and 5′-CCCGCCACCGCCGTCGTTGTCT-3′; and CDKN1A mRNA: 5′-GGCAGACC AGCATGACAGATT-3′ and 5′-GCGGATTAGGGCTTCTCTTT-3′. Relative expression of specific mRNAs in siRNA-treated cells was normalized to cells transfected with the control siRNA and was obtained using the Pfaffl method. The normalized means (±S.D.) are presented for three independent experiments.
Statistics and computational analyses of core promoters
Significant differences (P b 0.05) in gene expression analyses were analyzed by two-tailed Student's t-test of at least three independent experiments. Global frequencies of 9010 human core promoters and 7995 conserved orthologous mouse core promoters with experimentally validated transcription start sites were reported previously [56] and used to classify the core promoters of SRF target genes (below) into TATAcontaining and TATA-less groups. All SRF target genes were obtained from previous ChIP-seq analyses in mouse fibroblasts [ Table 5 in [57] ]. The list of SRF target genes of the cytoskeleton-contractile family was obtained from a previous report [ Table 1 in [58] ]. Significant deviations from the global TATA-containing/TATA-less core promoter frequencies for all SRF target genes and for the specific group of SRF-associated cytoskeleton-contractile genes were analyzed by Chi-square test.
Results
The ACTB gene upstream activating sequence (UAS) stimulates TATA box-dependent but not Initiator-dependent transcription
In an attempt to generate a highly active ACTB promoter for reporter gene assays, we introduced by site-directed mutagenesis a perfect Initiator (INR) element at the transcription start site downstream of the TATA box of the ACTB promoter in the context of a luciferase reporter plasmid (Fig. 1A) . To our surprise the activity of the INR-containing ACTB promoter (ACTB[+INR]) in transfected HEK293 cells was not stimulated by the INR, whereas the activity of the TATA-containing HSV TK promoter was, as expected, increased by the INR (Fig. 1B) . Notably, the INR sequence was functional and stimulated transcription in the context of the ACTB promoter (ACTB[+INR]) in transcription experiments in vitro using HeLa cell nuclear extracts (Fig. 1C) . We reasoned that the different behavior of the ACTB[+INR] promoter in transfected cells and in vitro could be due to the differential activity of the ACTB upstream activating sequence (UAS) and associated activators/coactivators in cells vs. in nuclear extracts (see further below). Hence, these results suggested the possibility that the UAS of ACTB and associated sequencespecific activators could be unable to stimulate INR-dependent transcription under more physiological conditions in live cells. This was highly intriguing since, to our knowledge, all activators tested so far in mammalian cells support INR-dependent transcription to some extent. We further investigated this in our cell system by analyzing the ability of distinct activation domains fused to the yeast Gal4 DNA-binding domain to activate three core promoters that differed by only the presence or absence of a TATA and/or INR element: i.e., TATA-only (T), INR-only (I), and combined TATA/INR (T/I) core promoters ( Fig. 2A) . Consistent with previous observations, the glutamine-rich activation domain of SP1, the proline-rich activation domain of CTF1, and the acidic activation domain of the viral VP16 activator were all able to activate these three types of core promoters, and the activity of the composite T/I core promoter was always the highest, as expected ( Fig. 2B ; and Supplemental Fig.S1A ). We then substituted the Gal4 UAS sequences with the UAS of ACTB (−120/−40), which include a CCAAT box and a CArG box, upstream of the three heterologous core promoters (T, T/I and I; Fig. 3 , top) and analyzed their activities similarly. As shown in Fig. 3 (bottom,  WT lanes 1-3) , the UAS of ACTB did not significantly activate the TATAless INR-only (I) core promoter and activated TATA-only (T) and composite TATA/INR (T/I) core promoters to a similar extent, as measured by both the relative luciferase activities and the levels of correctly initiated transcripts (+1) by primer extension. Similar results were obtained in HeLa cells indicating that this core promoter selectivity is not cell type-specific (Supplemental Fig. S1B ). These results demonstrated the requirement of a TATA box for activation by the UAS of ACTB and the inability of these activating sequences and cognate activator/ coactivators to stimulate an INR-dependent transcription pathway.
The UAS of ACTB contains a CCAAT box and a CArG box, which were shown previously to be both important for the activity of the promoter [59] [60] [61] . To determine which of these elements is responsible for the TATA-selectivity and INR-independence of the UAS, we introduced mutations in each of these elements that impair binding of cognate transcription factors NFY and SRF [61] and analyzed the activity and core promoter selectivity of the mutated UAS, as above. As expected, mutation of either the CCAAT box (mut.CCAAT) or the CArG box (mut.CArG) strongly decreased the activity of the UAS from both TATA-only (T) and composite TATA/INR core promoters (T/I), while the TATA-less INR-only (I) core promoter remained inactive (Fig. 3 bottom) . Notably, there was a residual activity of the mut.CCAAT and of the mut.CArG UAS above the basal activity of the promoters containing both elements mutated (mut.Both). Interestingly, although the residual activation by the mut.CCAAT and the mut.CArG UAS was still TATAdependent (i.e. the TATA-less INR promoter was not stimulated), the INR was now required in addition to the TATA-box for efficient transcription (Fig. 3, bottom panel) . To further analyze the intrinsic activity of the CCAAT box and CArG box separately and independently of natural flanking UAS sequences, 5 copies of each of these elements were cloned upstream of the different core promoters (Supplemental Fig.S2 ). We found that 5 copies of the CArG box by itself were not sufficient for any significant activation, while 5 copies of the CCAAT box activated transcription but were not sufficient for high levels of activation from the TATA-only promoter and required the INR element for increased activation; this was also observed for 5 copies of an SP1/GC-box and for activation by all Gal4 fusion activators, which activated transcription from all promoters as shown above (Fig. 2) . This result is also consistent with previous observations that CCAAT boxes bound by NFY can activate both TATA-dependent and TATA-less promoters [62, 63] . In vitro transcription experiments with HeLa nuclear extracts and the above mutant UAS constructs confirmed that the CCAAT box (but not the CArG box) is sufficient for a low level of activated transcription and that HeLa nuclear extracts lack a cofactor for TATA-specific activation by the UAS of ACTB (Supplemental Fig.S3 ). Thus, we conclude that it is not the individual activities of each element/box but rather their concerted functions (perhaps also involving additional immediately adjacent sequences) that are responsible for the TATA-specific and INR-independent activity of this UAS.
Orientation-independent transcription activation by the UAS of ACTB is core promoter-specific and requires an INR element
Our data above indicated that the CCAAT box and CArG box in the UAS of ACTB function cooperatively in core promoter selection, possibly as an enhancer-like unit. Indeed it was shown that the CCAAT box and the CArG box need to be on the same face of the DNA helix for UAS function, whereas the activity of the UAS was unaffected by increasing its distance from the TATA box by full or half helical turns [61] . To further address whether the UAS of ACTB has enhancer-like properties, we tested its ability to activate transcription when cloned in both orientations upstream of the different heterologous core promoters. As described above, in its natural "Forward" orientation the UAS activated the TATA and composite TATA/INR core promoters to a similar extent ( Fig. 4 ; Forward, lanes T and T/I respectively) but not the TATA-less INR promoter (Forward, lane I). In contrast, in the "Reverse" orientation, activation of the TATA-only promoter was drastically reduced to~20%, while efficient activation of the composite TATA/INR core promoter was retained ( Fig. 4 ; Reverse, lanes T and T/I, respectively). We conclude that the UAS of ACTB does not have the orientation-independent properties of enhancers for TATA-only core promoters, but that it does have such bi-directional activity on selected core promoters having both TATA and INR elements. Thus, core promoter-selective activation is not only dictated by the identity and cooperativity of the DNA regulatory elements and cognate sequencespecific activators, but also by their stereo-specific arrangement relative to the core promoter. These observations further suggest the possibility The activation domains of SP1 (132-243), CTF1 (399-499) and VP16 (411-490) were fused to Gal4(1-147) to generate Gal4-SP1, Gal4-CTF1 and Gal4-VP16 fusion activators, respectively. B. The reporters above were co-transfected with Gal4(1-147), Gal4-SP1, Gal4-CTF1 or Gal4-VP16 in HEK293 cells. Luciferase activities are relative to the activity of the promoter-less pGL3 luciferase vector, which was arbitrarily set to 1, and are the means ± S.D. of three independent experiments. The basal activities without any activator are shown in Supplemental Fig.S1A . Bottom panels show autoradiograms of representative primer extension analyses indicating correctly initiated transcripts (+1) in transfected cells, including an endogenous cellular transcript used as an internal control (ctrl). The autoradiogram for Gal4-VP16 resulted from a shorter X-ray film exposure.
that composite core promoters, containing both TATA and INR elements, could be targets for activation by a broader spectrum of regulatory and enhancer sequences.
3.3. The TATA-binding/bending activity of TBP is important in vivo for the TATA-dependent promoters of ACTB and MYC but not for the TATA-independent CDKN1A promoter Having established the requirement of the TATA box for the activity of the UAS of ACTB in transfection/reporter gene assays, we then investigated the importance of such TATA box-dependent pathway for transcription of the endogenous ACTB gene in human cells. We used the HeLa S3 cell line and a derivative (HeLa S3 + T210K) that expresses similar physiologic levels of both the endogenous wild type TBP and an ectopic mutant TBP (TBP-T210K) carrying the T210K amino acid substitution within its TATA-binding domain [22] . The T210K substitution (equivalent to the T112K mutation in yeast TBP) is the most radical TBP mutation reported in terms of abolishing the TATA-specific DNAbinding activity of TBP [27, [64] [65] [66] , and also prevents TBP-mediated DNA bending [67] , but does not affect TBP interaction with TAFs and with other components of the basal transcription machinery [22, 66] . To test the requirement of TBP and of the TBP-TATA interaction for endogenous ACTB gene transcription in HeLa cells, TBP expression was knocked down by transient transfection with a specific siRNA that targets the 3′-UTR of human TBP mRNA. This siRNA efficiently and selectively reduced endogenous TBP protein levels in wild type HeLa S3 cells and in HeLa S3 + T210K cells (Fig. 5A, lanes 3 and 6, endo. WT; see also Supplemental Fig.S4 ) but did not affect the expression of the ectopic mutant TBP-T210K (Fig. 5A, lane 6, T210K ). This provided us with an assay to determine whether replacement of endogenous TBP with TBP-T210K affects transcription of ACTB and other genes. After knocking down TBP in wild type cells we analyzed both steady-state ACTB mRNA and pre-mRNA levels by reverse transcription and quantitative realtime PCR (RT-qPCR). ACTB steady state mRNA levels were not affected by the transient knockdown of TBP, probably due to the high abundance and/or stability of ACTB mRNA; in contrast, ACTB pre-mRNA levels, which better reflect de novo transcription, were reduced significantly and to similar extents in both wild type HeLa S3 cells and in HeLa S3 + T210K cells (Fig. 5B, ACTB black and gray bars, respectively) . Thus, the TBP-T210K mutant protein could not rescue transcription of ACTB in cells depleted of endogenous TBP, confirming the requirement of the TBP-TATA interaction in vivo for endogenous ACTB gene transcription. Similar results were also obtained for the TATA-containing MYC gene. In contrast, TBP-dependent transcription of the TATA-less CDKN1A gene was rescued by the mutant TBP-T210K (Fig. 5B, MYC vs. CDKN1A). Consistent with these results, promoter-luciferase assays in TBP knockdown cells indicated that the activities of the wild type ACTB promoter and of its UAS cloned upstream of a heterologous TATA-containing core promoter could not be rescued by the TBP-T210K mutant, while the activity of the CDKN1A promoter was rescued by TBP-T210K (Fig. 5C ). These results demonstrate that the in vivo TBP-TATA interaction is important for activation of the ACTB and other TATA-dependent promoters but is dispensable for TBP-dependent transcription from at least some TATA-less (or TATA-independent) promoters in mammalian cells.
Serum response factor (SRF)-dependent actin cytoskeleton and contractile genes tend to have TATA-containing core promoters
Transcription activators that stimulate selectively TATA-dependent but not INR-directed transcription have not yet been described. The identification of the UAS of ACTB as a TATA-specific activating unit suggested a role for the DNA-binding factors SRF and NFY, which were shown originally to bind, respectively, the CArG box and CCAAT box sequences of this UAS in vitro [61] . These sequences are also bound in vivo by SRF and NFY in a variety of human cell lines, including in HeLa S3 cells, as indicated by the ENCODE transcription factor ChIP-seq datasets at UCSC Genome Browser. In addition, a GC box partially overlapping with the CCAAT box is also bound by SP1 in a subset of cell lines (ENCODE data not shown). While the binding of SRF to the CArG box and SRF-mediated activation of mammalian ACTB genes in response to serum-induced signaling is now well established [57, 58] , the role of NFY or SP1 is still unclear. As expected, siRNA-mediated knockdown of SRF reduced the activity of the ACTB promoter (Fig .6A and B) . However, knockdown of two NFY subunits (NFYA and NFYB) or SP1 did not inhibit the ACTB promoter (Fig. 6A and B) , while a control 5xGC-box reporter was inhibited (data not shown). Surprisingly, knockdown of NFYA but not NFYB increased ACTB promoter activity, suggesting a possible repressive role of NFYA. Thus, SRF and a still elusive cooperating factor(s) that binds this GC/CAAT box (Fig. 3 ) and appears to be distinct from conventional NFY or SP1 is required for the TATA-selective activity of the UAS of ACTB.
To determine whether SRF is more generally involved in regulation of TATA box-dependent transcription, we analyzed the promoters of all SRF target genes identified by ChIP-seq in mouse fibroblasts [57] . We only considered genes with experimentally validated transcription start sites and well characterized core promoters classified previously as either TATA-containing or TATA-less [56] . As shown in Table 1 , the global frequency of TATA-containing core promoters in mouse and human genes was found to be only~16% [56] . In contrast, by the same criteria about 22% of all SRF target gene promoters in mouse fibroblasts contain a TATA box. Although this moderate enrichment was statistically significant (P = 0.0024), it also suggested that only a fraction of SRF-regulated genes might be TATA-dependent, as expected from the fact that SRF cooperates with other factors to elicit the TATA selectivity at the UAS of ACTB. Hence, we then focused our analysis more specifically on the promoters of the actin-related group of SRF-regulated genes having cytoskeleton or contractile functions since SRF is a well established master regulator of the actin cytoskeleton [58] . Interestingly, a larger fraction, i.e., about 40% (38% in human and 43% in mouse) of the core promoters for these cytoskeleton-contractile genes have been classified as TATA-containing (Table 1) . This is a substantial and statistically very significant enrichment compared to the low global frequency of TATA-containing promoters in the genome (P b 10 −7 ). Altogether these results show that SRF has a regulatory bias for TATA-containing promoters genome-wide and, more specifically, for its targeted group of genes encoding the actin cytoskeleton and contractile apparatus.
Discussion
The importance of core promoter DNA elements in regulation of transcription by upstream promoter-bound activators and distal enhancers has long been proposed. However, only few natural cis-acting DNA sequences and trans-acting factors with core promoter selectivity have been reported and core promoter-specific mechanisms for transcription initiation by the canonical TBP/TFIID-dependent basal transcription machinery have remained poorly documented in vivo (see Introduction). Here, we have demonstrated the importance of a TATA box, and of the TATA-binding/bending activity of TBP, for in vivo activation by the SRF-dependent UAS of the human ACTB gene and the inability of these activating sequences to stimulate transcription through an INR-dependent mechanism. To our knowledge, this is the first report of a TATA box-selective activating sequence and cognate activator. Our results further indicate that it is not simply the individual activities of the SRF-bound CArG box or the adjacent essential GC/CAAT box but rather their concerted functions, as a unit, that are responsible for the TATA-specific and INR-independent activity of this UAS. However, the GC/CAAT box-associated factors that cooperate with SRF remain to be identified. Indeed, although SP1 and NFY factors bind this GC/CAAT box in various cell types (from data of the ENCODE project), our RNAi analyses suggest that neither SP1 nor the conventional NFY trimeric complex (composed of the NFYA, B and C subunits) is required for activation by this UAS. Instead, knockdown of NFYA stimulated the activity of the UAS, while knockdown of NFYB had no apparent effect, suggesting a repressive function of NFYA and dispensability of NFYB at the ACTB UAS. This would be consistent with the reported dual positive and negative transcription activities of NFY [68] , and with previous observations indicating that the activities of NFYA and NFYB do not always 1 and 4) , a control siRNA (lanes 2 and 5) or the TBP 3′-UTR siRNA were transfected into both cell lines, as indicated. TBP knockdown under the conditions used (see Materials and Methods) did not affect expression of TAFs or other proteins (see also Supplemental Fig. S4) . B. Expression levels of ACTB pre-mRNA, and ACTB, MYC and CDKN1A mRNAs were quantitated by RT-qPCR in HeLa S3 (black bars) and HeLa S3 + T210K (gray bars) cells after transfection with the TBP siRNA (si-TBP) and are relative to the levels of expression of each gene transcript in cells transfected with the control siRNA (si-Ctrl; white bars), arbitrarily set to 1. The asterisks indicate significant differences relative to si-Ctrl transfected cells (P b 0.05). C. Relative activities of promoterluciferase constructs containing the natural ACTB or CDKN1A promoters or UAS-ACTB-TATA. Luciferase reporters were transfected into Hela S3 + T210K cells in the conditions of mock or knockdown of endogenous TBP. Luciferase activity was averaged from three independent experiments. Luciferase activity from si-Ctrl samples was arbitrarily set to 1. overlap since these two NFY subunits are required for regulation of not only common but also distinct target genes, and have different cellular functions [55, 69] .
Although activation by the ACTB UAS is not influenced by the presence or the absence of an INR element in the core promoter, we found that an INR is required for efficient activation when the UAS is in the non-native reverse orientation relative to the core promoter. Hence, it is not only the nature of the activating sequences and cognate DNA-binding factors but also their stereospecific alignment relative to the core promoter that influences the requirement of specific core promoter elements for efficient activation. These observations have implications for the functional definitions of enhancer sequences, which are characterized by their ability to activate transcription of heterologous promoters in a position-and orientation-independent manner. The ACTB UAS was shown previously to activate transcription of heterologous TATA-containing promoters at varying and long distances from the promoter [61] . We now show that if the core promoter also contains an INR, the UAS of ACTB can function in an orientation-independent manner as well. Thus, UAS sequences such as the one in ACTB may function as enhancers for only certain core promoters, and composite core promoters that contain both TATA and INR elements could be targets for activation by a broader spectrum of regulatory and enhancer sequences. It is also interesting to note that more than half of mammalian promoters are bi-directional and drive divergent transcription from sense and upstream anti-sense core promoters that are separated and controlled by a common UAS sequence [70, 71] . We propose that bidirectional transcription at those promoters is dependent on the compatibility of the shared UAS and cognate activators/coactivators with both the sense and upstream antisense core promoter elements.
SRF binds thousands of sites in the mammalian genome and activates a variety of genes in response to serum-induced intracellular Rho-actin or Ras signaling pathways, and functions via concerted interactions with signal-dependent cofactors (MRTFs or TCFs) and a variety of other cooperating factors that interact with adjacent DNA motifs. Hence, the mechanisms of SRF-dependent activation are gene-/contextspecific [57, 58] . Accordingly, we found that the core promoter structure of mammalian SRF target genes is also diverse, albeit with a moderate bias for TATA-containing promoters when SRF target genes are analyzed globally. However, SRF is a well established master regulator of the specific family of genes encoding the actin cytoskeleton and contractile apparatus [58] , and we found that~40% of the core promoters for these genes contain a TATA box, which is a significant enrichment compared to the low overall frequency of TATA-containing promoters in human and mouse genomes (Table 1) . These results suggest that a TATA box-dependent transcription mechanism is essential for SRF regulation of the actin cytoskeleton/contractile-related gene family and support the idea that core promoter elements play a role in the coordinated regulation of specific families of functionally related genes or genes networks [6, 32] .
We demonstrated that the native ACTB gene and a heterologous TATA-containing promoter controlled by the SRF-dependent UAS of ACTB require TBP and its TATA-binding/bending activity in vivo. During these analyses we found that the TATA-containing MYC gene behaved similarly but that the TATA-less CDKN1A gene functioned differently. Native CDKN1A and an artificial CDKN1A promoter-luciferase construct were transcribed in a TBP-dependent manner in human cells but did not rely on the TATA-binding/bending activity of TBP (which was inactivated by the T210K substitution in TBP). Similarly, it was shown recently in yeast that several TBP mutants defective in TATA binding were unable to sustain expression of the TATA-containing HIS4 and SNZ1 genes but could direct transcription of the ribosomal protein genes RPS5 and RPL5 that do not have a consensus TATA element [27] . These findings together with previous evidence indicating that TBP can be recruited to promoters via alternative TAF-dependent mechanisms Asterisks indicate significant deviation from global genomic frequencies analyzed by Chi-square test: *P = 2.4 E-3; **P = 2.7 E-8; ***P = 4.4 E-10. a Global frequencies of core promoter types for human and mouse orthologous genes with experimentally validated transcription start sites [56] . b All SRF target genes identified by ChIP-seq in mouse fibroblasts [57] with characterized core promoters in Jin et al. [56] . c Cytoskeleton-contractile SRF target genes (from [58] ) with characterized core promoters in Jin et al. [56] .
[ [21] [22] [23] 25, 26, 37, 38] suggest that the in vivo TBP-TATA interaction (including TBP-induced DNA bending) is critical for activation of TATA-dependent promoters but is dispensable for TBP-dependent transcription from at least some TATA-less (or TATA-independent) promoters in all eukaryotes. Hence, the canonical TBP-TATA binding/ bending mechanism for PIC assembly characterized on selected TATAcontaining promoters in vitro is not universal in vivo. It will be important to determine what fraction of yeast and metazoan genomes do in fact depend on the TATA-binding/bending activity of TBP, especially since most metazoan promoters lack a TATA-like element.
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